into a cooperative and symmetrical quaternary strucNeurobiologie Molé culaire ture. Moreover, the conformational transition that such Institut Pasteur protein assemblies undergo was thought to affect pri-75724 Paris Cedex 15 marily the quaternary interactions between subunits, France rather than the tertiary folding within each individual subunit. In other words, the cooperative interactions The concept of allosteric proteins was initially proposed between ligand binding sites would result from the coopto account for paradoxical properties exhibited by cererative transition of the quaternary structure of the moletain bacterial enzymes that catalyze strategic reactions cule. Accordingly, the symmetry properties postulated in biosynthetic pathways. The activity of these enzymes by the model would simply express a characteristic regwas found to be selectively feedback inhibited by the ularity of protein quaternary structure. end product of the pathway, despite its very limited strucSpecifically, the MWC model hypothesizes that: of the molecule (Perutz et al., 1986). As we shall see, polarity; the regulatory site to which the neurotransmitter binds is exposed to the synaptic side of the memthese new features are of importance for ligand-gated ion channels. brane (or the cytoplasmic side, in the case of cyclic GMP [cGMP]); the biologically active site is either a At the time the MWC model was accepted for publication, the possibility was mentioned that the "memtransmembrane ion channel, a G protein binding site, or a kinase catalytic site facing the cytoplasmic side brane phenomena that together give rise to the recognition of stereospecific metabolic signals and to their of the membrane; and both sites are assumed to be topographically distinct, such that the interactions betransmission (e.g., at synapses) might involve mechanisms analogous to those described for allosteric protween the two classes of sites are indirect and thus mediated by a transmembrane allosteric transition. Secteins" (Changeux, 1965 Figure 3A) .
. lecular species in solution, however, do not significantly deviate from the predictions of the MWC model. In parNevertheless, even with its success, the model was never thought to give an exhaustive description of reality ticular, the crucial assumption that the state function R (which describes the fraction of the protein molecules and remains a mechanistic description of a defined molecular behavior of regulatory proteins. that has undergone the conformational transition) differs from the binding function Y (which describes the occuIn addition, two features unsuspected in the original model have been established by subsequent structural pancy of the sites by the ligand) was soon verified with several systems under equilibrium conditions, such as studies of regulatory enzymes. First, ligand recognition sites (catalytic and regulatory) are in many cases located aspartate transcarbamylase (Changeux and Rubin, 1968; Gerhart and Schachman, 1968; Schachman, 1988) . Deat subunit interfaces, with different interfaces accommodating different categories of stereospecific ligands spite the claim that asymmetric hybrid conformational states arise during oxygenation of hemoglobin (Ackers (see references in Iwata et al., 1994); some interfaces bind pharmacological agents despite the absence of et al., 1992), the presence of such states was found to be incompatible with the high degree of cooperativity known endogenous ligands (Perutz et al., 1986) . Second, for hemoglobin, the physiological regulatory ligand 2,3-observed in equilibrium oxygen binding measurements (Edelstein, 1996) . Moreover, recent rapid binding experidiphosphoglycerate (as well as synthetic drugs) binds at a rather unsuspected location: within the axial cavity ments show that the data are compatible with only two of the molecule (Perutz et al., 1986 ). As we shall see, polarity; the regulatory site to which the neurotransmitter binds is exposed to the synaptic side of the memthese new features are of importance for ligand-gated ion channels. brane (or the cytoplasmic side, in the case of cyclic GMP [cGMP]); the biologically active site is either a At the time the MWC model was accepted for publication, the possibility was mentioned that the "memtransmembrane ion channel, a G protein binding site, or a kinase catalytic site facing the cytoplasmic side brane phenomena that together give rise to the recognition of stereospecific metabolic signals and to their of the membrane; and both sites are assumed to be topographically distinct, such that the interactions betransmission (e.g., at synapses) might involve mechanisms analogous to those described for allosteric protween the two classes of sites are indirect and thus mediated by a transmembrane allosteric transition. Secteins" (Changeux, 1965) . This additional hypothesis may have been considered somewhat farfetched and unnecond, as a consequence of the transmembrane polarity, only symmetry axes perpendicular to the membrane essary, since in the 1960's no synaptic receptors had been identified and only pharmacological (Dale, 1953;  plane are acceptable (Changeux, 1969) , allowing for the formation of heterooligomers and thus resulting in a Nachmansohn, 1959) or electrophysiological (Katz, 1966) data were available. However, the progressive extension partial breakdown of symmetry. Third, signal transduction or activation would be mediated by a "concerted" of the MWC model to various features of membrane receptors for neurotransmitters (Changeux et al., 1967 The same basic rules of oligomerization of subunits with units soon revealed extensive sequence identities, thus pointing to a possible pseudosymmetrical organization homologous transverse polarity may plausibly be extended to other members of the nAChR family such as of the molecule and further suggesting a divergence from a common ancestral gene by 4-fold duplication the ␥-aminobutyric acid (type A) and glycine receptors (Betz, 1990) . Accordingly, the most ancestral oligomeric (Raftery et al., 1980; Noda et al., 1983 ). This interpretation was subsequently supported by the identification forms would be perfectly symmetric pentamers, and the more evolved forms would incorporate different, though of a multigene family of neuronal subunits, ␣2-␣9 and ␤2-␤4 (Boulter et al., 1986), and the discovery that a homologous, subunits resulting in structural and functional diversification (Role and Berg, 1996). single class of subunits from the ancestral-type genes (␣7-␣9) may give rise, in reconstituted systems, to funcTetramers The tetrameric organization of the glutamate receptor tional homooligomers (Le Novè re and Changeux, 1995). Ancestral-type neuronal nAChR may thus possess a oligomers has only recently been recognized, first on biochemical grounds (Wu et al., 1996) and then with perfect rotational symmetry (see Figure 3A) .
For the receptors with a heteropentameric structure, functional assays based on electrophysiological recordings of either coexpression of wild-type and mutant two modes of association can then be distinguished. In the first mode, the different subunits occupy a fixed and subunits Mano and Teichberg, 1998) or graded antagonist occupancy (Rosenmund et al., 1998) . unique position within the heteropentamer ( Figure 3B) , as in the case of Torpedo (and most probably muscle)
The tetrameric quaternary structure further strengthens the analogy with potassium channels for which 4-fold receptor where the clockwise order of the subunits, as viewed from the synaptic cleft, is ␣ H -␥-␣ L -␦-␤, with ␣ H symmetry has been established by X-ray crystallography at 3.2 Å resolution (Doyle et al., 1998). Functional and ␣ L indicating the respective contributions of each ␣ subunit to the high-and low-affinity sites for d-tubocuhomooligomers may arise from single subunits of glutamate receptors (GluRs), although for NMDA receptors rarine (Machold et al., 1995) . A specific sequence of subunit interactions and binding-site formation may also heterooligomeric assemblies (NR1 and NR2) are required to obtain joint activation by glutamate and the prevail during assembly (Green and Wanamaker, 1998). Alternatively, in the second mode, one subunit (or sevcoagonist glycine . The transmembrane topology of the glutamate receperal) may be shared between different heterooligomers, as in the case of the neuronal oligomers composed of tor subunits was initially thought to resemble that of nAChR on the basis of hydrophobicity plots (Hollmann ␣4, "␣"5, and ␤2 subunits; under these conditions, the same subunit may occupy several equivalent positions, and Heinemann, 1994) but in fact differs dramatically. The currently accepted disposition involves a two-lobed with different partners ( Figure 3C ). Figure 2B) The cell surface receptors with tyrosine kinase activity meric receptors such as Torpedo and muscle receptor, the association of the ␣ subunits with the ␥ and ␦ subhave long been reported to behave as transmembrane allosteric dimers resulting from the isologous associaunits introduces nonidentical contacts, and only two of the five possible interfaces (see Figure 3B ) participate tion of two receptor units with an axis of dyad symmetry perpendicular to the membrane (Schlessinger, 1988) .
in 
, 1992). epidermal growth factor (EGF) receptors with two EGF
The pattern of labeled amino acids supports the conmolecules causes dimerization by a mechanism that has clusion that M2 is at least partially an ␣ helix, an organibeen interpreted within an allosteric framework (Schlesszation that the cysteine substitution method largely coninger, 1988; Weiss and Schlessinger, 1998). Ligands may firms (Akabas et al., 1994). Consistent with the electron bind to sites located at the interface between subunits, microscopy observations on the transmembrane dothus stabilizing dimer formation, as supported for human main (Unwin, 1996) , the channel lumen would thus apgrowth hormone receptor (Wells, 1996) . assembly of GPCR into symmetrical oligomers remains, Maddox, 1990). Moreover, several membrane receptors however, to be documented on the basis of three-dimenfor neurotransmitters were biochemically identified (e.g., sional structural observations. The three-dimensional Changeux, 1981; Karlin, 1991) and several of them cloned structures of the kinase domains for several proteins in and sequenced (e.g., Lefkowitz et al., 1988; Numa, 1989 
